Adaptive materials such as Shape Memory Alloys (SMA's) suggest new opportunities for the design of multifunctional structures and components for aerospace vehicles. To illustrate this a sample application from satellite communications in the RF spectrum has been selected. In satellite communications several trends have emerged, which focus on rapidly changing RF energy illumination requirements. A novel technique for lowcost shaping of parabolic antenna patterns hi space is presented. Shape Memory Alloy (SMA) wire actuators are used to control the shape of a parabolic center-feed reflector designed for a carrier frequency of 12 GHz. Based on temperature and displacement measurements of a 8-inch testbed reflector, a finite element model and a planar dipole array approximation, the actuation bandwidth and antenna pattern modulation is predicted. A bandwidth of up to 0.2 Hz, sidelobe modulation of 8 dB and boresight axis slewing up to 4° can be achieved at a fraction of the cost of phased array or multiple feed systems. This performance prediction is based on a multidisciplinary engineering analysis, which requires adaptive materials constitutive modeling, thermodynamics, linear elastic finite element analysis and RF radiation pattern modeling.
INTRODUCTION
New satellite communications and earth observation technologies have been emerging at a dramatic pace over the last decade. A sample list of advanced requirements related to antennae and the transmission or reception of RF energy are given below.
RF-energy illumination footprint [dB-W] which is
optimized around the sub-satellite point (GEO) 2. LEO commsats require "on-demand" coverage as the satellite propagates along its ephemeris 3. Maintain constant coverage for elliptical orbits 4. Position a null of the far-field pattern over an area to minimize RF interference and jamming.
All these requirements suggest some form of adaptive beam steering and beam forming capability. While phased array systems allow shaping of the antenna far-field pattern, the use of phased array technology in space has been somewhat limited. The reasons are the high weight, complexity and cost of phased array systems 2 . The findings of this project show a new and low-cost approach to antenna radiation pattern shaping using SMA wire actuators. The antenna becomes a multifunctional structure.
Typically the desired radiation pattern for point-topoint communications is a single narrow beam (mam lobe) 2 . For transmission of RF power to several ground stations at the same time or for a specified ground coverage, the requirements are more complex. In those situations multiple beams or a prescribed gain footprint on the earth surface are paramount. Fig. 1 shows the coverage and footprint for the INTELSAT 512 satellite 1 as an example.
GEO
Ontimized Coverage _' with asvmmetric JL Problem: Need adaotave antenna or feed horn solution if Sat gets moved .^----rrrz.
to a new orbital slot
Fig.l Optimized RF beams for GEO communications
Traditional engineering solutions have focused on multiple off-center feed arrays or asymmetric shaping of reflector surfaces. The latter option has been successfully implemented for GEO satellites, which are optimized for coverage of specific land masses.
Once a "fixed-shape" reflector antenna is deployed on orbit, however the radiation pattern can no longer be modified. This is where a SMA adaptive antenna, such as the one shown in Figure 2 , can provide a technological advantage. Depending on the desired footprint, a controller activates the distributed SMA actuators until the demand changes again. It is the objective of this paper to lay out the multidisciplinary analysis, which assesses the expected performance.
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METHODOLOGY
The main problem is to develop a methodology for predicting the performance of high gain antennas, which are actuated by SMA wires acting on the periphery. Figure 3 shows the analytical and experimental steps of our multi-disciplinary approach. An input voltage U 0 creates a temperature change through resistive heating of the SMA actuator (step 1). The subsequent phase transformation is governed by the nonlinear SMA constitutive laws and leads to measurable displacements at the mesh attach points (step 2). From the recorded time histories important conclusions about the actuation bandwidth and stroke of the antenna can be drawn.
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Input Voltage U 0 Antenna Pattern = G (1(1, 6) Steps 1 and 2 are validated experimentally. Then the attach point displacements are used as applied static loads to a finite element model (FEM) of the mesh antenna structure (step 3). The projection of the displaced nodes onto a circular exit aperture can be interpreted as a planar array of dipoles. This perturbation method is commonly used for the approximation of far-field antenna patterns as a multi-element array (step 4). This yields the data necessary to assess the effectiveness of the approach. The four key questions are: 
SHAPE MEMORY ALLOY ACTUATOR
A NiTi-alloy with properties according to table 1 was chosen for this application.. The consideration of SMA's for space applications is based on the high work density and reliability compared to traditional mechanisms. Cycling fatigue of SMA actuators has been described by various authors 5 . The SMA alloy composition is very important for use in space due to the large temperature gradients and temperature changes which are experienced by the satellite hardware. The contraction is due to the phase transition from martensite a to austenite p. The contraction speed depends on the current Io(t). Once the phase transformation is complete (!;=!) we have 100% P and U 0 can be reduced in order to maintain a thermal equilibrium temperature above A f
5
. This maintains the contracted length I 0 (l-e). After a further reduction of the input voltage U 0 , the wire cools down due to free convection to air and conduction through the attach points. The cool down period is determined by the equilibrium temperature T 0 and the thermal boundary conditions. A rigorous model of this process was developed. An undesirable fact of SMA wire actuators is that a bias force needs to be applied by springs, in order to return to the original length 1 0 . The potential for twoway-shape memory (TWSM) exists; this however requires "training" of the wires as demonstrated by White and Hebda 6 . Nitinol wires can also be damaged by overheating. If the critical temperature T c =250 °C is exceeded the annealing process is started and the shape memory is "erased" by setting the alloy to the new configuration. This has to be avoided by judiciously controlling the input voltage. The benefits of using SMA wire actuators for this application are:
• small size and light-weight actuator • low power consumption for small diameters • large force and/or strain output per volume • electrical actuation at low voltage levels 8 
SMA THERMOMECHANICAL MODEL
The thermodynamics of the wire are modeled as a transient heat transfer with T= f (x, r 0 , 9, t). A simplification is offered by the "lumped" body approach. The test for this assumption is provided by the Biot-Number. The free convection for a thin wire has been described in detail by Kreith and Bonn 7 . The Biot # is lower than the 0.1 limit and it is acceptable to use the "lumped" body approach. The terms contributing to the thermal balance of the SMA actuator are shown in figure 4. The Modulus and the two tensors are each a function of strain, martensite and temperature. The martensite fraction is the chosen state variable that drives material transformation. The Liang and Rogers cosine and exponential models, the Tanaka and Brinson models were explored (step 2) 6 .
ANTENNA TESTBED ARCHITECTURE
The RF carrier frequency of the antenna system was chosen to be f c = 12 GHz, which corresponds to a wavelength of A, = 1 inch (2.54 cm). RF Design experience dictates that the parabolic reflector diameter has to be at least 5-10 times the wavelength A 8 , so that a diameter of 8 inches (=20.32cm) was chosen for the experimental setup. The antenna is clamped at the inner radius and has a mesh size of 1mm. Three SMA wire actuators with a length of 100mm each and a diameter of ISO^m are attached at the focal point at one end and equally spaced by 120° at the periphery of the mesh on the other end. Elastic springs are used to provide the necessary bias force (figure 6). 
EXPERIMENTAL RESULTS
The cycling period T, the duty cycle dc and the voltage level U 0 are varied according to a 56 point test matrix. For a short duty cycle and high voltage the input looks like an impulse. Figure 7 
Overheating:
For an impulse-like input at high voltage the temperature increases very rapidly and exceeds the critical level T c = 250°C. Nominal Range: This is the desirable response for a square pulse input which results in complete phase transformation without exceeding T c .
Cool Range:
The energy is "spread" out too much and a thermal equilibrium is reached, which is below the transition temperature A f . These three regions are shown in figure 8 . Thermal equilibrium is reached in all cases after 6 seconds. The higher the input voltage, the longer it takes to reach equilibrium. Actuation is not possible for voltages below 1.5 V. For voltages above 3.2 Volts, the pulse length has to be limited because the equilibrium temperature exceeds 250°C. If the wire actuator is cycled faster (T is reduced), saturation will occur. This happens when a new pulse is generated before the wire temperature has had time to drop below M f . The data indicates that the fastest pulse repetition frequency (PRF), which can be achieved with full phase cycling is around 0.2 Hz (T=5 sec). This is the actuation bandwidth under laboratory conditions. The expected hysteretic behavior (based on manufacturer data, see table 1) was confirmed. Figure 9 contains a comparison of the measured and predicted hysteresis curves. Pulse Width Modulation (PWM) is proposed for active control of the actuator. This power-efficient technique inputs energy into the actuator by varying the duty cycle and period and acting as a double oscillator 5 . Figure 10 shows that PWM can maintain the fully actuated position without overheating and can also generate intermediate positions. 
LINEAR ELASTIC FINITE ELEMENT MODEL
A finite element model of the parabolic reflector was generated with ANSYS. The mesh model consists of a total of 324 nodes and uses isoparametric triangular and quadrilateral shell elements. The boundary conditions clamp all nodes on the inner annulus circumference. The loading occurs by prescribing the three measured SMA wire attach point displacements. The maximum displacement of 3.25 mm is used. The linear elastic results for the nodes along the primary meridian -as indicated hi figure 11 -are used to compute the antenna pattern.
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Fig. 11 Linear elastic FEM of active antenna
ANTENNA FAR-FIELD APPROXIMATION
A method to evaluate the far-field pattern of an adaptive antenna based on Fourier transforms of the surface current distribution was presented by Washington 9 . It is also possible to approximate the far-field radiation pattern of an antenna by a multielement planar array of dipoles 3 . This perturbation method was chosen in this project. The pattern of such an array can be obtained by adding vectorially the field strengths due to each of the radiating elements. If the spacing between elements d is much smaller than the distance r to a point A, the far-field approximation is valid. The electric field at point A due to an arbitrary element i is :
e -I-A' (r 0 +idcos0) cos e
{9}
The electric field strength at A can be calculated as a superposition of the signals arriving from each dipole. We can thus write: each array element was developed. The projection of each node of the FEM onto the exit aperture may be considered as an element of the planar dipole array. From the position vector field of the displaced nodes, a phase shift a ; can be computed for every node on the reflector surface. Figure 12 shows the displaced configuration and {13} is the equation for phase shift calculation. 
{13}
The term in brackets is termed the "array factor" T and is a measure of the far-field pattern as a function of the Euler angle 0. For a perfectly symmetric parabolic reflector, the phase shift a, between elements is zero, as all rays emanating from the center-feed focal point F, reach the imaginary exit aperture at the same time. In that case the array factor r in equation { 10} can be simplified to:
Msin -
{11}
where N is the number of dipoles. For a perfectly rotationally symmetric parabolic antenna the gain G 0 can be calculated from the frequency f in GHz, the antenna diameter D in meters and the efficiency 11=0.55 2 , which yields:
= 358.6 = 25.55dB {12}
The simplifications which led to equation {11} are no longer valid in the general case. Therefore a numerical solution including the phase shift a, for A small angle assumption has been made in that the only factor affecting ctj is the path difference due to the perturbed surface from the focal point F to the radiating element i. Finally figure 13 shows the perturbed radiation pattern for the SMA-actuated antenna. This is the radiation pattern along the primary meridian as defined in figure 10 . It can also be interpreted as the radiation pattern evaluated in the vertical plane containing the antenna boresight axis and one SMA attach point. It can be verified that shaping the antenna surface has had several pronounced effects on the far-field pattern. This result is valid for the specific configuration as described in this paper.
CONCLUSIONS
It has been shown that the reflector antenna surface can be shaped with the help of SMA actuators acting on the mesh periphery. This shape change affects the far-field radiation pattern and provides the data necessary to answer the four key questions.
Expected Performance
Boresight axis slewing: The peak gain is no longer at 0=0° but has been shifted to + 4°. If such an antenna would be on an earth orbiting satellite, clearly we would also have affected the footprint onto earth's surface, which is now no longer representative of a simple spot beam.
Actuation bandwidth
The data indicates the fastest pulse repetition frequency (PRF) without reaching saturation to be around 0.2 Hz. This is the actuation bandwidth under laboratory conditions. The bandwidth under space conditions would be different due to radiation heat transfer (Stefan-Boltzmann law).
Challenges for closed loop control
The main challenges for closed loop feedback control of a PWM actuated parabolic reflector surface with SMA's are summarized as follows:
• The actuator control model has to take into account the hysteresis effect (Preisach model) • Simple PID-controller can be implemented with displacement and rate feedback • Most temperature sensor are not suitable for feedback due to large time delay T • Good thermal model of SMA actuators and environment (see below) is needed For use hi space, the thermal environment of the SMA component has to be known with a good degree of accuracy. It has to be ascertained that the device is not activated accidentally, i.e. the operating temperature always remains below AS.
Comparison to Phased Array Technology
This approach can be implemented for LEO and MEO communication antennas which modify thenshape in order to meet specified and changing RF power transmission requirements during orbit. Key advantages of this method are low costs and the ability to control even large, low-area-density devices. Phased array antennae are still more advantageous if several distinct beams or rapid electronic beam steering is required. This capability however comes at a higher cost, complexity and weight penalty compared to the lightweight adaptive antenna reflector presented in this project. The analysis methodology presented is a multidisciplinary approach, which involves adaptive materials constitutive modeling, thermodynamics, linear elastic finite element analysis and RF radiation pattern modeling.
Recommendations for future research include actual measurements of far-field antenna patterns hi anechoic chambers, precision modeling of radiation patterns with 3D-Maxwell solver and closed loop PID control experiments of the active antenna. As an ultimate goal it is desirable to prescribe a desired RF footprint and deduce the corresponding actuation sequence.
